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Prediction of Nonlinear Material Behavior of Fiber Reinforced
Thermoplastics by Numerical Material Testing

Masato Somemiya

Unidirectional carbon fiber-reinforced thermoplastics (UD-CFRTPs) are known to
exhibit anisotropic nonlinear material behavior depending on time, temperature, and
strain rate, with this tendency becoming more remarkable as temperature increases.
Therefore, it is essential to predict the time-, temperature- and strain rate-dependent
nonlinear material behavior in the initial stages of the structural design process for
products with UD-CFRTPs. This study proposed a new approach to predicting nonlinear
material behavior of thermoplastics and UD-CFRTPs.

Firstly, adopting a viscoelastic-viscoplastic-damage constitutive law to represent the
material behavior of thermoplastics, we proposed a hybrid identification method that can
determine the material properties of by the combined use of the results of dynamic
mechanical analysis and uniaxial cyclic loading-unloading test. From these results, we
confirm the effectiveness of the proposed method in reproducing the nonlinear material
behavior of three typical thermoplastics: polycarbonate, acrylic resin and thermoplastic
epoxy resin. In addition, the identification accuracy is significantly improved by the
modification of the time-temperature shift factor, which has been determined by dynamic
mechanical analysis, using the results of uniaxial cyclic loading-unloading tests in the
low temperature range.

Secondly, we proposed a new approach to predicting anisotropic nonlinear material
behavior of UD-CFRTPs including material responses to loading in both on-axis and off-
axis directions. The 7-Dir.-NMT that is by adding the 45°-off-axis deformation pattern to
the six patterns of on-axis macroscopic deformation that have been commonly adopted in
numerical material testing (NMT), we could successfully determine the material
parameters of the orthotropic viscoelastic-viscoplastic-damage constitutive law. In
addition, the nonlinear macroscopic material behavior represented by the proposed
constitutive model with the material parameters identified using the 7-Dir.-NMT results
conformed well with the experimental results.

Furthermore, NMT was performed at various temperatures and strain rates, and the
material responses obtained from NMT were used to identify the nonlinear material
parameters of UD-CFRTP. These research results have enabled us to accurately predict
the nonlinear material behavior of UD-CFRTP depending on temperature and strain rate,
and provide material properties necessary for structural analysis of UD-CFRTP used in
various fields.
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NTWD. F7z, Table 1.2 1" T X 91, PMC ODREMZR~ U v 7 ZHEIE
BRI & BART R IR IS KRB S D . BV LMERTIRISEAE 525 Z & T,
Fig. 11T & 9 ICBEET 2 0 T8HMEFEMICHE S L =ZRIcD Xy T —72
G2 T 5. Z OB LMEBIED =Rt v U — 7 G ITIER IR E L
TEY, FHITBAVOEEZHIRT 5720 ME L THE/T 5 2 iy
15, Z D7z, BT E X EWE B AR ORI R I B L TR D,
BRI SICEA S TWD . — 5T, BRIEMIEEIEIXE ) ~— N E
PHIRICEA L, Fig. LIOWIART L) 8Ry TEEZ KT 5. Lin- T,
ENATAMERHIR (MBI X > TRl A 2 5 & 0 T8H2  H B ES) L FREm 3 5
7o, VR LT REECTERIBRUC AN CmEIT 5 L ERE(E L TIRIET 5 2 &0
TE, U A 7 AMER N THICEN TV D ),

L7223 e, BATEMERIIE I IR BRI KV o FOBGEEB DAL 57
D, BE{LMERE & i3 5 & IR IO 228 B D K & < 281k
T 5. O KD Iemmr 1 DI FHVREE 2 R ME & REOY, BARTEEVERAR X8y 7
PR Td D, 2D X 91T, BMEILMERBIE & BT SRR OFPEHR PRI R & <
B0, HEEMELE LT S D PMC OIE & A E TR I B 7= B
b2~ U v 7 2R E LTEEMEITH L. AL T, ~ U v 7 A
FIRE 23 BAEE AL MRS HE C & 5 A b B &2 kst 72 A~ 2~ (Fiber reinforced
plastics; FRP) , ZAR[HEMEAENE C o 2 A B 2 il s L BT B 7 T A F > &

(Fiber reinforced thermoplastics; FRTP) & FEFRT 5.
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PMC ORI EIIIER ICEN TR 2 R 2 Mo Tnsd. g,
EAEALPERT AR CEA AT YR MERST AR OB 1389 0.9 g/em3~1.5 g/em® & & @A EHZ A~
TIEFITARN 2D, EIREE - SR i L AlkHE CHTR L 72 FRP X° FRTP (%
ENT-LLAREE - MR A 9. 2 2T, Fig 1.2 ICRERIZR MBI s s -
LA S A 79 D Fig. 1.2 1SR 9 HeBRE & PR MR BUI AT B &2 7 V) OBf
JE L MEARELCTH D, Fig. 1.2 Db X902, &BMEIOEERE T 2.0X
10° em FRETH 2 DITx LT, [RAMME Colifb S 7o RBEMHERIL 77 2T >
2 (Carbon fiber reinforced plastics; CFRP) <°77 7 A ke Cofifb S v 7 7 Al
§ifl, 77 A F ~ 7 (Glass fiber reinforced plastics; GFRP) O FLHRFE (34 7~10X 10°
em EIFEFITEHNZ ENDND. DX HIZ, CFRP FHEELS THWMETH L7
b, WAL IEF I HEL A 2SS AR 0 TR OEERE, A DA OIS
VT8 EOREETRIZ CFRP MER STV 5 . F7-, GFRP Oi#fbifii <
DT AIIRFHEL W LR TH D720, WL AR —Y fdh, AR RO
iR, 7 7 FIEE R HRIRW B OREM ICTE ] S Tn g .

HEHE DB ICB WL, HEIHE A —h =203 < 2 S E AR 2 aiie & L7z
ERRIFICRE L CE 720, MERMEIOIE & AL Z S BN DTV 5D 19,
— 5 C, IEEOHEN ZRFNTE, 2014 412 A Y O HB)E A — 7 —BMW (I
¥ B2 ORERMEHT 100kg #2E D CFRP 2/ L, BRE.LE FIF 52 & T, 1%
sz, EEWERED M B &Rk L7z ). 51%%1%, CFRP @ 2 A MEJeH A
I B A LORRE, MR B2 Ll XY, EEABEOMEETMIC FRP
O AN FFS TV D 819,

1.1.2 B TFEEAMEIORERE~DOER Y A

WA O MR B 72 BR BT RE ~ B 0 & R AT AE 72 BA % H #Z  (Sustainable
development goals; SDGs) DIERLIZAIVT T, FRP D43 EFIZEVTH SDGs (Z%F s
L7ZRFZEBAZE SR LT 0, F7IZ, FRP O BEIER O BRET AN 2K S8 5 %8
N L I &N TG HO2) | fEskedd FRP OFEFE 1L E L CiE, #o N THULEE &
=< U P A TR R TH -T2, Lo L, O TR 7272 D T
AN ORI K D LB YOS G, BOK T O S TULEE A A -
INTWD. £/, FRP O —~/L U A ZWTREHIEFIZKED COr 28T
5728, SDGs (Xt L2 U A 7V HiEEITE 20 119,

Z T TEETIE, MBS FRP ZFERMMT 2 A =0 ) A 7 LB
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WS EZ ADTEEICORT D7 I AN ) A 7RSSR TS, Ah
=N YA T ATER B 7D FRP BEM & fnf L, BRI IR [ ffissss & L
TRAESE, 7VARECH LB LBRICE>sTU A 7 va Ry y M &E
WEDVHA T NVFETHD. 2, 7 I NV A 7 TEG R IR H %
FAWTHl#EE~ DY v 7 REMRT D 2 & CRfliZiiE 2 B L, 7 O8aE ki
HELE L THRT 22U A 27V EIETHD M, ZokHic, Ah=ar V%A
N I ANI A TNV Ko TH AR INTZ VA 7 va R Yy b
FRERD Y A 7NV TFEXL D QEEAMS/NSNWEEZ N, VA7
2R b OFRESCHMELRER I NE Sk D I 715 TERL S 7u7= FRP O R Ty
PER D BARWTZ 8, AR O EE A ICE T2 Z & REEL .

—Ji T, FRTP OU YA 7 NTIE, ADRLZZLIIZ~ MY v 7 XA TH LB
HBIEDO Ry MU — 7 HEENESRTH L7280, ZWoeiexr vy MU — I K
AT 2B LR LV IR R — TR L9 < D), i
HEOFEFIHAMNREE ZE 2 b D, F/=, FRTP 2 fREAT 5 2 & 1T Xk 1 REMHE
EE IR L, ENENEEI L. Z0%, B LT ) ~—% K8k
WFHZ LIk, BE, BT 7 U LBIE~GRT 5 Z LICPLz. &
DA UTZBFTIEMET 27 U VRHIE OB A R 1R T O BT 7 7 1 L4
JELIFIER U THD Z ENFER I HOS = X5, A LBt
T UNMEEE~ N v 7 R FTH VYA 73 RmYy b O ERE O
EEMICEHACTE 2 EWIFF S TR 9, 5113 FRTP ZAEiEM B & 3 2 85,
RS ANC 72D & TRIND.
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Table 1.1 Types and characteristics of the fibers.

Fiber type

Characteristic

Organic filament

Glass fiber

Carbon fiber

Boron fiber

Silicon carbide fiber

+High mechanical strength
-General-purpose articles
-Inexpensive

+High mechanical strength
+High elastic modulus

+High mechanical strength
+High elastic modulus

+High heat resistance

Inorganic filament

Aramid fiber

Polyarylate fiber

Poly p-phenylenebenzobisoxazole

High Strength Polyethylene

+High mechanical strength
-High heat resistance

-Shock-resistant characteristics
-Low water-absorption resin

+High mechanical strength
+High heat resistance

+High mechanical strength
+High heat resistance
-Low density

Table 1.2 Types and characteristics of the resins.

Resin type

Characteristic

Thermo-setting resin

Epoxy resin

Phenol resin

Unsaturated polyester resin

Cyanate ester resin

+Mechanical characteristic
-Hardening shrinkage

-Flame resistance

-Inexpensive
-Formability

-Low water-absorption
-Heat resistance

Polyimide -High heat resistance

Polyamide -Impact resistance

Polycarbonate -Dimensional stability
Thermoplastic resin

Polyetheretherketone *Impact resistance

Polypropylene resin

-Heat resistance

-Inexpensive
-Formability

14



|:| MonomerA
@ MonomerB

(a) Thermo-setting resin (b) Thermoplastic resin

Fig. 1.1 Molecular chain orientation of polymer materials.
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Fig. 1.2 Specific strength and specific modulus of each material.
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1.2 fEHESRIL BRI EBME T A F v 7 OREER G ORI A

AIEI CHIRA72 L 51T, T E TITHEMAME ST & 7S O &SR I
B D R « AR — T fMEsR L 7 T ATy o (Umdlrectlonal fiber
reinforced plastics; UD-FRP) 2MEH SN T& 72, %1, BREMME~OIY HA
PIMES 5 Z LN TFRIND T2, Hkeilit 2 —J7m2 51 &4z 7o —J7 ki
sRALEVATYEME 7" Z A~ 7 (Unidirectional fiber reinforced thermoplastics; UD-FRTP)
MNEEE O E S ICEA SN EE X LND. L Laens, EffbshTtn
%5 UD-FRTP X R FMAME & FEFEBRARA ) 2 —FT 2 —FT V7 b

(Polyetheretherketone; PEEK) % #H7x 5 10+ 72 AS4/PEEK composite <>/ &k
£V 7 2 K6 (Polyamide 6; PA6) % fHA{ o172 UD-CFRTP & #iRed T 720
DIRBURTH 2D 207120 Zp K H1T, HEE# ~? UD-FRTP O 9234
VWEHE E L TR, RO 2 O@F’ﬁfhﬁﬁ)&)éﬂ%f‘é@é. 1 D%, fBFEA—F—7»
HIRTE SN D EAEMERIIEDIZ E A LT, B/ ~— (BEK) 2 THTEASHE
7R ~v— (FHT) TORETHEINST®, FHRIZBWTEKXRTH Y ik
THEMSETHORMENE S, BVEARTRBMECETIRISE D 2 L ARER N
Thb. ZDO7H FRTP OB TRRIL, ZDIE & A &3 EiE Tl U 7z B rT ik
BHE (Rt 2 IR TR E CHHRIE T 2 HER—RBITh -7, £ 95 1 DD
& LT, A€ol ~7 K O (BT IR 25 IVRY A 2R i T o 2 72
O, R L RFFIARAF L7 FEREA RS E) (DL, FERUBMEIEE) 263257
D, ~ bV w7 AR OIFICH IR N S 415 FRTP X FRP LV H K&
R RITEOIERIEM B FE 2R3 2 ThDH. Z D78, FRTP OMEIEEHOME
R RT DY BEFE T3 T, FRTP OIEFIEMBH 8 2 IEfEIC TR 5 2 & 23
DTHETH LD, TOXIBRTFRFEFEREINLTHRVORTIRTH D,

INHD 2 SORESD S G, 1-2HO FRTP OATE TREO M AIZRT 2
K& LTI, 700 R LR 8o a8 LORIEHAT MO8 ES
RIBAYEMERIIE 72 E L W oz L= b U v 7 AR P2Y3WF5ER % ST
L. T, BUGE ST TIMEEIEIRSS 7 THRIIRDOE / ~— D IRRE Tk
WHEIC IR SED T LN TE D72, 1EEENBY TR HEZRME 21TV FRP O
IR R CRIE 35 2 & & RlHE & L7 i e 2L T SRR C

. BUE, AR RBUGEATEGEMERE L LT e r a7 v 7 ZAA
RO BIGE A RIE AT R URIE & 7 v v RS o B A R EL
AT 7 U AHIEDR BV, 22 < OWF TR ERE ST 5 1247120 Ehemri
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PEZ AR RHIRIL 100°CRREE TR T 5 Z & THMERE LUK I3 5720, v
TR F—Z LB L EPITRERHE~OFZTRAFRE L 2V, BFRBITIESLHNIC
\EAEDETL, B FEOBAPEMERIE~EERmNRIND. 20D, Ky M
VARIED &L 5 e ie kOS2 B EN A T & 5. Rk, B ESE T 7
U VIR © BL B AR BRI A = R 2 TR & RO RE i T RE7e b, BE
(RN DR S FER 7 L— FOEEMEE LTl STV 5.

2 S HDOMBES TH D FRTP O EIFHEOIERIEM BRI O FHIICEE L Cix, H
RTITAFFERR DT L A 72 <, BREMIMI OB CTEEIZ FRTP O 55 I
A2 Tl L CREER AW S 72O O FRIEORESL)S, BEOME L L TF
FELTWD. ABFETIE, 202 -2HORBER DR % FRTP O HA ~D H
WIER D= D OREIRE L 2, FEEEE L CRELT.

1.2 —H RREHESRIL BTN 7 T X F » 7 OREEHRFT ORIER
BEMELORRECIL, s8EKE DT RE (0 — v 7, Sk, FEkHE,
K, ~v b)) , WHEARE S A% (Fiber volumecontent; V) , <~ VU w27 &
B O, BB HEDOBIR (N RUAT v T, 747 A NI T 4
VI, SMC RRIE, BHEE, RTM ) 72 Efix 2GR+ 2R ET 5%
ERD 5. KRS, B LMEBIIRIZIER ICEN TR E 2 A2 2 &0, 2
NWE TOBEEGME OGBS CIIEE(LEREEZ~ U » 7 A &9 2% UD-FRP
ISR DRSS E MW SN TE 2. —J57 T, UD-FRP (Il ~ bV v 7 &
Bl 26195 2 & T, HAEMEIOBBIRRMEIZ T I L > TRIEDN R D
ZEDNHBLITWD. T OFEIZER G M & X4, UD-FRP OfflfE 5 10 O 58 EER
BRPELR BT E A T DR & K& S B2 5720, MR Il o5
BHOICRET 0N D D, £, UD-FRP O EREENTIZITHMERE TH D
728, UD-FRP & FW 7o ME ek it CII M N TG TN TR Y, #MEHE
MBI ZEEB T 0BT otz L LR s, sifi Thib~~7- & 5 (B a i
MRIEEZ~ Y v 7 AL 95 UD-FRTP 1%, W], {EESSOT Bl EIKIE LT
B DIERRTEA B 268 20 L, %5712, UD-FRTP O#kMERN 7 177> B4R 2 71 (LA
T, Off-axis /7[n]) ~filEZ1EH S 28 BB (LT, Off-axis ilik) <Tix, £
7 M DI EB) LD b RERMEZRE Z R 2 LR E SN TN 5.
L7255 T, UD-FRTP & HWohfiEek st Tk, AT LD TRITAYZ R
& ENATHEPER AR O RS RFEIC K D [FERIER R ) O )7 2 B8 L 7o pkb 2
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a2 THIL, WOEEEHIE LR nide 5y 127129,

1.2.2 FEMBIERBRIC L 5 EEMEIOBERE &~V TF R — VT

A HOBYERETOREGRE - BRICBWTIE, ar B a—2—%2FfH L= T%
X% A7 I (Computer aided engineering; CAE) N EJi & 72> T\4b. Z D CAE
IFIEE N FRME LR EH LD LRIIBIT 2L a2 v a—F— 1
THMEMET DI LIk, MERGORELZ L TED Y7 =T ThH
5. Z® CAE 8kt « BARICHIH T2 2 & T, ESCHEBR OB Z BT
X, BHIFEIRF O 2 2 MEBCRCRRGHIR O FMEIZ D720 5. FRZ, X5z Bz
Wa LIEERICHEIL, BEREANICBIT 2 HRAE Bl B Tl L7z »
OEAEFF T 2 HREZEYE  (Finite element method; FEM) (X552 58 2 i <
ZEMTERVWTFNMEEZ TP THT 5 2 &R TE LT FIETH Y,
BT TR 2 T R COMHT N ATRE T H D728, %< O LFMEICHEH &
NTn5s.

Z D FEM 2 L BRHTCIL, FENTSIR OMERA B OB EHRE 2 ERE ISR L,
Z DM BRI E & S LT T A —2 L LCTAD LTz by, —i%
7GR T, 7 mmIcBlEET 5 LIEWERTHY 2D 7 ay3EY
PERS~ 7 a7 &2 il LS. Bl 20X, SkEpEHIgkE A v &2 A K
(RALS) ZRAGDETEBAEMEITHY, I 7 amIcBlsld 25 & B ik
PR 2 FFORE RSB D SNTEEMEL L W D . 2o k51, &R
MEHEZ I 7 e ICBIZE 3 2 L IR E RN E DS MR SN 5D, @RI D~
7 v M EREENTIIEE T T D20, 7 aIEE NN~ 7 a ik
BRI~ RIETHBTER TCE2 0L L, ZiiBEME e LTHESNT
W5, ZD—JT, FRPX° FRTP O~ 7 v 72 i BB, fRHEESOMHEIZ IR,
MRAERCE, MMET M2 &0 X 7 mIEEMEICRIKEFET 2 2 b TH
D, FRP <° FRTP 72 & DB EM B2 MM x5 & 4 % FEM fifghr TlE, @B ED
K ONTE MR EM B U CHMICHEA T2 2 LN TERY. £ 2T, MR
DIGRSCELE 72 £ 2 R AT 2 2 7 e FERE M2 ~ 7 a i 7e b BHRRE L2 R ik
S LN TIEE LT, BEEICE S VT R — U B R ST
% 1530130 gz ERIERIEIC ) L CIIRICR T 2 FEH O ~ VT R o — LT
MI-EINTND.
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1. S 7 u-w7a— K< )LF R — LT
2. LB~ )L F R A — VAR R

1 2HD 27 v-~v7a— R~ VF A7 — VL] 1%, I 7R r—nk
~ 7 B A=)V OZENEIICKT D BESE R E 2 FRIE AT CRIEGEHE 3 2 FiE
T, HERINGEEEO W TETH D B LLRRG, v 7 aE7 10
FHEIFEOHAICENTI /o EEZFETOMLENO L2, ~ 7 niiEOMR
PrETANKBIBIC R 51T E, FHHEaA PR RE EMBNRFETITR.

2OHO 3R~ )V F 2 — VAL ] 13~ 7 v MR8 R o BAEOY 2 iUE
L, 27 uEfMEREEZ RS 2 & TEOMEMERRIOMEI ST A — & ZEd
LDTEMTED. ZHUTEY, I 7 nBMERE L ~ 7 v BEAEREZ 758 L T
HETLHIENTEDD, R X MMEL, EANRTETH S 133139,
B~ VT A — VAR TCIE, RIS ELE S 47 X 7 m i O &Ry
IRERERM BRI TH D Z L ERfEE L, TO2=y MEIZHT D
EMATIC R D ~ 7 o e Rk 2 US4 5. 2 O¥ELIEICE S SRR~
VT A — VAR “BAEA EFRER  (Numerical material testing; NMT) ~ & '
N TEY, Hix 2IEREERO TEMBICHE A S TWb . Z OEk SR C
%, 2=y MM L TEEO~ 7 v B % 5 2 72 FEM it &2 £iid 5 2 &
T, BHWOIERIHE #2155 Z LN TE, FE LIz~ 7 o EHER A okt
BINRNTG A= E2RODH LT 7 afEiEOMEHREE L CHEAT 22 & b AlHE
L%, ZO XD, WHEAGEIZHES  BEM BRI FRTP OB EHOME
REHIBWCIERICH AR FEThH 5. 2 2T, Hlis Blakikic X 2 i =
{5T FRTP ORI 72IERIEM BB 2 TF 5 7o I e FllEZ FRiloor
7

1. BRTEVERIIR O FIERIEAL B 568 2 8L T & DAPEMERLA & € D[R E Fik
2. FRTP DEITHIZRIEMIEM B 5EE 2RI TE 5~ 7 n MEHRRAI & 2 D F]
A

1 >HO THATIPERIE O 72 OFBHERA & 2 OREFE] 1E, KRk
BT =y MK L OO~ 7 n AT % 5 X 5 FEM R & ST 5 B3I,
2=y N LR B AL RHE & BT YB IR IS 00 S (T 7 R L & TERE b
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BHREFME RN LI L 725, ZOMEH T2 = > FRLo~ 7 ol BRI B2
B2 RS D720, IEFICEBERANT =X T Y, BEFHHEZ2E T 5 £ %
IR L CRLSBER S D, Lo T, BTG O JERIEAT L 36 8h 2 45
B REBLTE DM EHERA & 2 O BHERRRIOM BN Z A — & Z[FET 5 Fik
DLEEE IR D,

2 OH® [FRTP O 7= OMEMERRI & EORETE) 1L, BEM RS
%%hk#%%ﬂoiﬁﬁ%f?#ﬁ%ﬁﬂ*@%%Wﬂ%%@ﬁﬂﬁékL
T~ 7 a5 720120, ~ 27 vl eIkl 8 2 R B < £H1
f%évﬁDMH%WW&%@MHA7%~&%Hm¢5$&ﬁ%%&@é

U bo ke, OB LS FRTP OIERIEA B E) 2 819 54 BHE
mw®mﬁm,@Mﬂ%ﬁ%@ﬁﬂﬂ7f~&®ﬁm,@20@&%%%%ﬂ
AR ERER & N T AR O~ LT 2 & — URBTIZ SR D BT 5

1.3 FSHESR(LEVRT YA 75 X F v 7 D IERTEAT R R
1.3.1 ZARTERMERTIR DO IR B 28I B3 5 SeATAF R
ENRTHRPER R O FERIEA BHE B O TRNCBE 3 2 581790 & L C, /KEF & 1B
FHI @B EER Y = F L o ORI T 2 8) 2 ¥ 55 1250k 3 % 72912, Malinin-
Khadjinsky O 8L U — 7Bl & Armstrong-Frederick O FERRIZ R B/ HI]
Al G TR R A 2 E R YL U, BRATERE CTOHIS ) O ZHUE LTz 5.
ZOMEHERRANC XV, Fix OOT HBE CTOISS)-OF Bfhifp & 7 U — 7 il
MO EDIMEL ST 2 =2 HNT, P TOTHREENLEET D5 7-0F #
itz TR L7220y, —EOT ZRE TR Lo, flix OOT EE THRATT 5
BaiZlX, FmAMRICI T 2 IERIEAM BB O TR EICEDN B 5 2 & 03
ENTW5D., 72, MFESIZFRTP O~ b v 7 ZftlEE LTHR Y h—AR xR —
RExtgE L, Shmmtt. 7 ) —7 - EEAET V&2 AWV T 2 FEO M E
IKHE R T OB -BRATRER O I F1-OF B0 DA B ST A — X Z[RE LTz 179,
\Z, KPR & OREVEME A RBLT D LA 1 D —F T L S o T R -
BPEEARER RN Z BT IR L, IS DHELOT A EIE & W o e REIRIZE
F B IERTEA BB A2 L L . 2D OBFZE T, BT O O A
HEE SRR ETIR D IERTEH BEEEBNIC SN TR RENTND DD, RIS
U 7 ERTE A B B bR A 12 DO TR AT IFIZ 36 1T DM RLIERIEE O THICEA L T
R S AL TR,
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B OIERY 7F LT L7 & L— MEIEOIRE & OF Bl IR A7 LT FE
PRI B8 2 BB 2 72018, BRREEPERER (Dynamic mechanical analysis;
DMA) 7 b 45 HALT kMR /X T X — & & B 5 [z ER D IS F1-OF B X 2 v
T, BBV RT A—Z ZHEE LT Y. ZOOTHOMBESfEEZFIE Li=sEk]
T A—H ORIEFTFEIIHETH 0 7o S, BATEMERE OIRE & OF HE I
RAT LT IEREM B 5B 2 i O RS CREL L TR Y, LA AR FETFIE
ThodELERD. —J)iT, DMA ORI BT - RO~ A &2 — T —
TEAERT AR, RRICBIT A~ AF — I —T OEAGDOEIT —EIZRE
BT, Rl b TFIEIC X0 AT - BRBMARE D~ A X — I — T R BT %
B 7 PIEDIRR I N TND 974D UL s, RU—ARx—FD L
DIRH T ARG AL Ty 75 150°C A H 2 5 BT IMERIIE D56, FEBRIER &SNS
IR (BIR K 70°C) 1281 DRk - BRHMARE O~ A & — 1 — 7 13F
WThHD. 20, FRROBFNRFELHEN L T A= —TDELGD
HE—BICRELZLELTY, WE LY RAZ —I— 7 INEDIS RS %
AL TWODEMNIED . ZD7=w, BVaIEIERAR O EIERTEE & RS 5
RO EFER D & K- IR B K - 2EET 28 LWRIEFENPMETH D &
e AV N

1.3.2 UD-FRTP DIERRTEM BB B J 2 SE1THFE

R SE R ME TR E T YA IE  (Carbon fiber reinforced thermoplastics; CFRTP) <2
UD-CFRTP DIERRIERI 2 B8 2 T3 2 FIEIT 2 E TOMFE T < #2
RINTEY, EIZ2 20H5ECHT NS, 1 DHDAEEIE, CFRTP OFEM
BERBR O RIS T~ 7 m i G MM BHE R 2 2k U, BEEHRIC
L VG LNTMENEE D O IR BB 2 T 5 FIETHDH. WHLIE,
UD-CFRTP O EKFEZE B LI IETHIB IREE O I 2 L — 3 U ETU,
7 51 IRZE B & O R AT & RS T R O ZEb ks YR T 7L T B AT
ICFEIRCE D 2 L AR L Y, X LICEIRICER T DIET S E - JTENEIERIE
O OT Bl R AT & ¥ T VO ERLZIT 72 ). F72, Wang i
UD-CFRTP DA ff-PRERHCEIN D B AT U O R B2 RELT H720IZ, One-
parameter BEMEAE R 2B TE U 7 MRS BRI 2 E Xk L 44149 UD-CFRTP @
FETh T B 1 D AT-BRITRBR S L O 0 K L AR-IRAFRBR OIS -0 A
B2 FHE L7 3, ERE & FERICR S &L, MM EEE 2 835 =
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ExHRLTWA. [AREIZ, Chung &1 Drucker-Prager D[RR FEHEIZ LU T L
PE < RV MERE R R 2 EEUE U, M ES RO IE 0 7 T 3817 B IERRIEA B 55
BhA R L7 2D ORFZEREIL, #E D CFRTP X° UD-CFRTP O IEHIE
MERZEEI O FRNCRZI L TV D H 00, BHEORIECRBMHED Vi le E VAL
L7ZBAITE, TNOORMFICEDE THE, BESOTARES 2 2L X
Off-axis B 2 Fhi L 72 < TIR SR, 20728, ZOTHITFIEIZER &
L CHRICHEBERARTH D03, BELEHEE - BARICB W CTIXRFFAIC BRI
b A RN, FRATIERNE N D.

2 DADOHIEE, 122 HTHRIZGHER~ VT 27— )VIRTIEIS X 2 5Bk
BERER D O IR BB &2 THI9 5 HiETH D HD-150. 1 S H O FIE & Rk
(2~ 7 a7 BOGVEMEHERR RIS LB L 22 B 0%, Bt el A2 b Z LT
NU w7 A Toh HEFTEVERIIE OB ST A =2 RBEM CThiuX, RFEGHED
HRHETR L EAM O REC B A RENZL L7856 T, FRTP ORI H72 IR/
MBI BN 2B CHET 2 2 LN TE, ZOMEREEID & B5 MM EHE A
DMEIRTZ A =B ERIET D ENAHREE 72D, IR Z OBUE EFRER &
RE(EFEEZHNT, 3 DOB|ELFMERAAZ— (x, y,2) & 3 DOfE AW
FIER NS — (xy,yz,zx) OFt 6 FRIOFAEFHE 1TV, HF 5472 6 DDl
F-OF BRI 5 EASE S ME Hill OB L O Y — 7RI DR BN T 2
—H&ERELE Y. e, BEGIE~ Y v 7 A@RICHBENE - 7 U —7 - 18
BET NVOBEMAKAZEA LT 6 HFrOBEM BN 615 b 2 EHRE
% VT UD-CFRTP O~ 7 v BIGHAER A OB T A —Z [FEZTV, <L
F A — VNI OREEN S HFRERAETE D Z L 2R L= 189, Zn Lk Hic2
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BhEh &2 Tl L7 i3 7e v, F72, Table 1.4 [T X518, IRELOT A
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WAL,

Table 1.3 Positioning of this study on nonlinear material behavior of thermoplastics.

Sanomura etc. Matsubara etc. Takaoka etc. This study

Three types of thermoplastic

Polybutylene telephthalate i

Thermoplastic resin High-density polyethylene |Polycarbonate

-Viscoelastic-viscoplastic-damage
constitutive law
-Identification method is simple

The inelastic defomations that
resemble the material behavior
assumed

Identification method is
simple

Responds to changes in

Advantages strain rate

Material behavior at
reloading doesn’t agree
with experimental values

Shift a, isn’ t uniquely

Unexamined determined

Disadvantages

tests

Strain rate clear clear clear Three levels
Temperature Unclear Unclear clear Three levels
Damage Unclear Unclear Unclear Uniaxial cyclic loading-unloading

Table 1.4 Positioning of this study on nonlinear material behavior of FRTP.

Kawai etc.

Wang etc.

Yamamoto etc.

Matsubara etc.

This study

test method

Material experiment

Material experiment

Numerical Material Testing

Numerical Material Testing

Numerical Material Testing

Off-axis O o X X
Strain rate O o A (e) Two levels
Temperature ) X X X Three levels
General versatility A A o )
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BATHY, KAITHETS.
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'X+B=0
>=D"E
E=0U (2.15)
U=U on [/,
M2=T on I}

—5T, I7uBEfMEMEIC WL, KAV T I 7 e BAL - s - OF
BT 5 TR TR ERUTRT 7 0 O PRI BT 2 AR (2.13)1
TR M H5ND 720, KKOL I ICESHBZ HND.

650':0
o=D¢

£=0,u (2.16)
u=YE+u

wl™ = T and <u* = O>
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Fig. 2.1 Non-homogeneous material with periodic microstructure.

Y2

Y oY
0 noou(y).e(y).o(y)

Fig. 2.2 Periodic microstructure and homogeneous body.
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2.3 BUEMEERER

HBERD~ 7 w23 ET 5 720121%, 2= MeAZARRY 2 gEE A
EHIR LT, ZHUSKT DM BB 2 FE i 2 LEN H 5. Z ORARRI AR
BRITEAEALEAER & R Tl v 147 148150 i e 7o R B (R oD T2 /I
SHTWD . AT, HAEAMERR O 0T 1% & SRS ORLFRIZ OV TR~
5.

231 ~ 7 uPhtEoBEH
VIVTF R — AT LY, 2=y b L T O0T A5 272 1
T, OOV EWIRREZT-T I/ 0i 1EEDDHZ LT, b T5~27 1t
MKRED. 22T, 2=y MK L TRAUTRTHN 7 n O THR L2 5

niceé4 5.
Ell

E), =
2E,

(2.17)

S O =

OB~ 7 B O TATI 7 uGfMEMEZE &, 2=y FEALADI 7 B
IS AARHEIND., ZOI 7 vt s T 5~ 7 i 13k o L 9 i
%5,

>
(0p) =920 (2.18)
)

L7=2NoT, ~7ulihit~7a0dHOBERALY, & 1 38 OMMEREIT
FNIRE N HRES.
'pl pf pilf

D! (2.19)




[FERIC LT, Bi~27 n O 9Bz 2 SIH L5 3 JIIH OFMEREA TN G 2 %
LT, FMAREERDO~ 7 v B REIIRES.

2.3.2 RS

BAEABLRER D 72 o0 D A B R 5 %2 BT 5 L AR OB E HF BTN <D
NEZHNDHN, RECIEHEE S 2N T~ 0B (F2id~ 7 nfE) &
5.2 5 FIEICOWTRAT 5.

ZWot (Zot) D=y eIk LTRSS AR ET BRI,
AL DOTER DO LSRG N —EIZER SNV E ) ICEHET LML ER’H D,
% Z T, Fig. 23T X572, WAKD 4 SOTAR &K EOH S O% S E
GFMEE 1 oO~AX— (FHBEE) EAL—7 (EEBHE) Ol T4 57
DOBRRIZONT, == MEVET AR U CHEET ISR AL F AR
L=l E2 %, #2102, Wa L0 b IO y 7B & OBEARTEAET D
AT, MR o FEZa =y RO Z L1220, yi FEIZOT
HBECD. Flz, e & d sy FIIHERI RN &4 4 U Ha121d,
HAMOTHNAECD. 20X BRIE M THRRICERTE S, =
2T, yi FIOFE AL 8 A A O AL B IS S, W a &3 b OFExt
EALfEE q), e &30 d OMIEMEZ ¢ & LTy FANZERT 5. 728,
y i y FEEFRBRICE 22 ERBRRIEEHTE 5. 72, Zh b OME
N E R R OB S E5 25, Fig. 23108375918, 2=y hELDFKEa—
FT—HinE 1~4, 0% a~d, HIEESEZ MN & L, Fa—F—HiRk I,
IO a—F—HiRERWEAD EORI RV TE R RGN A B
5.

XUOIZ, a—F i 1~4 28T 2 BB REMH O L2 iR G E R
T5H., 22T, HiRilZB T g Ry ERT. ZDEE, HabillbIC
B 5y FAEAL & HIEE R ORBRBRRIIRNTERSIND.

Uy =, — Uy, (2.20)

[FIRRIS, 1 ¢ &30 d 2RV T y TN & HlEE RO RBRITRATER SR
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Uy = Uy — Uy (2.23)

Uy =y —Uy —Uy (2.25)

WRIZ, W a~D d BT DL MRS L. 22T, Wa k&b
FlZ v, BN TR & 72 D iR ai & bi, W e EE3Dd By BN TXE & 72 D HiA ¢
EdinoHERETDH. TOLEDHIM ai & bi, Him o & diOBRFRAITENRE
NWIRATERSIND.

Uy = Uy —Uy (2.27)

U, =1y ity (2.28)

LEXY, Fig 23 IR TZamiEtE2HmET LU TO 5 DTHRINS.

Uy =uy — Uy, (2.29)
Uy = Uy —Uy (2.32)
U, =Uy —Uy (2.33)
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2.3.3 R T RO T & MER

BB ERER O JE BT RS XA R A A L TRl L &2 5 2 2 HIET
RETDH. I TARIETIE, 232 HTHH LR G E 20 2
AW S, SR Z QT 5 HFIEIC OV T T 5.

SRR T FE RO T EMEFIIL Fig. 24 IR T2 = v hEADOARESHEE
TN ESEMESENRER N CHAT S, £72, Fig 24 IR T ARERET L
DO L EFEDOFEHR % Table2.1 & Table2.2 [Z/RT. Z 2T, Fig. 2.4 (T HR
WRETNOEFOBERMIME SRR KA =F° [ IR0 L) IcE£REIND.

K, K, K, K,|d| |F
K, K Ky||d|_|F

; g =12 (2.34)
K33 K34 d3 F3
| sym. K, |\d; F;

I, KIFEFERIWEATS, d ZENEMANY My, FIIERIN7 v Th
L. I, WAUTRTEHRENY Mrd OfFEIEHR (EReRtE) 5B L,

ElementD:d" =d,, d =d,, d* =d,, d =d,
Element®@ :d® =d,, d? =d,, d°=d,, d° =d,
Element®:d” =d,, d¥ =d,, d? =d,, d) =d,
Element@:d" =d., d =d,, d =d,, d =d,

(2.35)

Element O ~@ D%} &3 2 REMIMEITIIO Ry 2R3 L, 2 (2.36)~
39D LT D.

KV KY o kY kP o0 0 0 o4, [F®
KY 0 K KY 0 0 0 o||d| |FY
0 0 0 0 0 0 0|4, 0
KY KY 0 0 0 o||ld,| |F®
KY 0 0 0 0Rdsi=1FY
sym. 00 0 0|d, 0 (2.36)
00 0|d, 0
0 0f|dq 0
I 0(ds 0
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O 0 0 0 0
K? K? 0 KZ?
KY 0 K
0 0
K

sym.
0 0 0 0 0 0
00 0 0 0
0O 0 0 0
K2 K? 0
KY 0
0

sym.
0000 O 0
000 O O
00 0 0
0 0 0
K Kj
K,

sym

S O O O O o O
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B D& VTR T FR O AL T

AnELND.
KD KD 0 Ky K]
KY 0 KY K
0 0 0
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K;;
sym.
(000 0 0 0
00 0 0 0
0 0 0 0
® ®
Ky K, 0
+ Ky 0
0
sym.
FO 0 0
Fl@ Fl@ 0
2 @ 0/

0 F, Fl@
F.” 01, o
=4 ¢t Ffj +9T2 ¢+
E @ 0
0 F; F®
0 0 ‘s
0 0 F;

0 0 0
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)

0h Om
K K}

K@
22

sym.
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[ r® @ @ @
K, K, 0 K, K 0 0 0 0 d,
® @ @ @ @ @ @
K, +K;, K, K, K, +K, K; 0 0 0 d,
@ ® )
K22 0 Kz4 K23 0 0 0 d3
o) o) ® ®
K, +K, K, +K, 0 K, K; 0 d,
® ©)] ©] @ @ @ ® ® @ @
K;+K,+K,+K, K, ,+K, K, K,;+K, K;|d;
K33 +KZZ 0 KZ4 KZ3 d6
©) ©]
sym. K, K, 0 ||d,
@ @ @
K, +K,, K ||4,
@
L K;; | d,
FT)
1
0] ®
F,"+F
FZ\ZJ (2.41)
@ @
F,” +F
=<F'+F?+F”+F"
® @
F +F,
F@)
4
173‘3) +F@
3

IR T RERMMATINATSATIN N T, el &R TERW. £
2T, BENBREMRL R E S AR R e S, 2 BEK
DRI & FFORARMIMELTH 2 RO (=2H BER— (EMERAEEOK
+Z MR EMROE) ) OWIEIZT 5. Fig 24 IR TAHRERET LOHMH
FEIX 182 (HimkoxBHE?2) , HEHROBHEX4> (HisEk2X A
£2) L7pd. F£o, 232HOLSHRGEMFRIT LY, 5 DDA MO A
OHBELBEEMTON TS0, ZaMEEEROEIT 10 L7025, 2N
(C&VY, Ko HREZSTEHAEMNY Mrdiddd,.d,.dd,d, 06Dk
5. ZO6 DORMEE T HMEN SN RXZENT 572012, Za
PRGERIT 0 & 1 OREATHIZ D TIRATREND.
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ERic kY, ®AEMRY b IEDOREATHI TR S NG, £, Z0%
RIRFMFEREZXQANDEIDIZRAT D L, RQ4A)D L STk b.

[ ® o)

K, K, 0
® @ ©)
K,+K; K;
@
K,
sym.
F®
1
FP+F?
F@

2
[©) €
FY+FE?

[0} @ @ @
Fv;l/ +F4\2, +F2\3, + I;vlj
F,” +F,

FA‘\@»
F+F,
I;v}‘d,‘

ZOMIMEATINE, FERFATHI L 22 o T DT, K(Q2.42)DEHATHIORREL TS
ZMIPESG RO T 5 &, RQB)DFHL L EDIFEAENA(2.44) &K

245 L7 5.
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Fl®
_ F(D_'_Fz
1 01000T1 0 1] 2F®1
01 00000T1 0 S
F‘\1)+Fuy
000101000F®F4®;®F@
+F~+F°+
0000 1 000 0| 5™ h (2.45)
001001001 F3\;@FZ
000000O0T1 11 o
= - F3<)+F4u
F?

I, AR LY

a, B _
e[ 0o [2]

LH 27 7, 432 TECHEH LI RO BN O IO BUR A T S s L
BE N D 8 SN % BIPEAT H O XIS il 23 CCRATT DB L7 - T
d,, d,%2EEL, RQADCFETHERZEBEZLDH L ERAD LI TR D.

KY+K?+K2Y+K) K +K2+K)+Ky K)+K2+K2+K?2||d, _(F} (2.47
ym. KO +K2 4K +KD KO +K2+KS+k0 |, [T BA4T)
Ky + K+ K+ K ||ds

O, HER LT R IRAWEF T AN T RIS EAE ST D120, fRE155 = LN T 5.
=121, (FHEBER O LA 2 WA T ORST 5 BT UCBIHE, Mk L1
TS MLTHD. MR U R RIIMEATS3 5T O R RIIMEATE 0 525k U= 8
BERTFDLROED THD.

O ZERLELR AR FIE S AT D iR (B ) ISR T D MHE SN D.
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@B EMREMETAL—T L LTHRESNTWAHEIA (HHE) IS8T A8
DL, v AZ—L LTHRESHTWAES (HHEE) ISk d a1z
bihs.
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Fig. 2.3 Relationship between nodes and control nodes in FE model of 2-D unit cell.
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7 3 9 Slaye Master
K O O O & ____________
:'d3' .d1+d10 | [
® @ ! ! : _J4
'dé'::d4+d10 ' dy, {qgl]
L 4o o o dyi=d, +dy 2
o D4 = q,
¥, 0 @ :dg izidz +d11 i 11 {qu]
| V dy=d, +dy +dy;
J Y ) {
¢ ? & Q ?
|l ] =]

Fig. 2.4 Finite element model for 2D numerical material testing.

Table 2.1 Node coordinate value list.

Node number 1 2 3 4 5 6 7 8 9 10 11
¥, [m] 00 05 10 00 05 10 00 05 10 20 00
», [m] 00 00 00 05 05 05 10 10 1.0 00 20
Table 2.2 Element list.
Number of node

Element Type 1 2 3 4

O Q4 1 2 5 4

@ Q4 2 3 6 5

©) Q4 4 5 8 7

@ Q4 5 6 9 8
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2.4 FERILAERERIEIC X 2 BAEA IR

AETIE, FEFIEAEHCIERIEA B DA S N D IR IRICH 3 5~ v T
A= EHT D T2 O DBEERIZ DWW TR AL (ZUDIT, vV F AT — VgD~
NTF A —NVESUERMEZ FER L, DB~ VT 27— VEITIZ OV TR
T 5. WIZ, IERIATREREZ O T2 BERAEERER O B OV TR 5.

2.4.1 FERFERIEICHR T B~ NV F R — )V BE AR E

MIEHMERE CHNE, v 7 nishé~ 27 v O HITHRIBRRBERN & 5 72
0, BVEALFRPEREAT I BB BEER 2 EAERICRE S 5 Z L B3 ARET H
olc. =T, IR ERCIERIEAM L b 70 2B EM B OGS, 7 vl
&7 v OTHRITHIB R BRI 202, <7 vlShid~ 27 a O Ik {7
L7 7n074AOEE LTRISIND.

FERTEAT B 2 WA B & 4 2 I ERITE LT, <~ F 27— L iRl E
ERRETDH. 20L&, I 7 uEEARRT DB IR R 2R 2 L &
RBRL, X7 v B AERTEICIEEMATEME BRIV EA SN D Z LI DE T, K
KR EFYEREZ EFRT 5.

-~ 7 o ME RS

6§2+B=0
Y=D"E
E=0U
U=U on /7,
MXY=T on [,

(2.48)

- X7 v B YERE

0'oc=0

y

o=in ¥ (2.49)
£=0,u

wl™ =T and <u* = O>

RQ2ANTTT LIS, MM B R L35 I 7 n B MERBE TIE, AR
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RN S BRTEAE RN 20> & FERTEAEHE BRI ANV D > T 5.

25 £&8

RETIX, HECEICIEDS L VT 27— VRN OF R GIEE LT, $fibikt
RER ARG E L, ~ILTF R — VIRET O IR T H 2 WELEIZ OV TR~
7o, RS, ~VF R — VT O 2 ZBEEGEEREZ I L, S 7 el ~7
B EBOGRE R LT, £, 7 affiTIckiT 28RS D, AIRERIEICE
J AR EHERTREND Z EEHIL, ZAMREHREEE Lo
Bl )L F A — )VFRHT C & 2 BB BRSO BlEs & IR OV OR LT,
Oy BERL < LT A — VENT I, SR AR D~ 7w BPEHE R 2 F R
B L, HEMERBR D S5 5N D AN R ERT — ¥ &2 AN TZOME T 2
—HZRETH LT, v 7 aEEMNT & I 7 o SRR O Sy BEA EBL L T2 fE
MrRiETH D 134 47 18 19, 15D - = o I 7 a iEEfRAT I~ 7 e ikl Eh & 140
ICRBTE DT OFERBTRY 5720, FHHE a2 MIKIEICHRT 2 = &
MTX B 130,

Z DGR~ VT R — VRRITIE, RO 3 DD AT v I THERN S LT 5.

1. 7 utEEoFERIfESr 87 r k& R)
2. <7 O iEEDORENT
3. 7 ufEEOEEENT Rk vt X)

1 DHO I 7 afEOERIMIT CIE, 5L LTV AIEHERD 2= ML
FE BT /VEAER L, fERAEIORMIa0MIR, Z2f0An 3 X UM EHE R 2 &
T, BB ORERLA] & Z OB T A =2 2 ET H. WIZ, B LIV~
7 a M EHEE & B TERSGMEZ#E L, FE T /WCx LT 7 afghr & 3
T5ZET, BOIOS L~ 2 vli 1-0FTA0BREEHT L. &5, 55
Nz~ 7 s h-0FTHOREBEN D, H 60 UDIE LTz~ 7 a b EHE R o
BT A =2 ZRET 5.

2 OHDO~ 7 alEOMNT T, v~ 7 aiiiEO FE E7 AV AELT, IKEL
e~ 7 a iRl EWEL T a v A THRONTMEIRT A—2 2 AT —2 L L
T O FEM #2175, £, Rk 0t 22475 5681%, 54252
=y MeEABLET L~ aWERTO~ 7 aOTHBERZRF L TEHL.
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3 0HDI 7 nEOFEZMEN T TIL, 2 2BO~ 7 e EORIT CRIFL Tk
W7 v O RERZ BT LR L=y eV ET MRS T —
2L LThHEZ, ~7 nEBROBREIR > T 7 GO INE 2RI 5. O
HIC K DIEMIEINT D56, ~27 n O TR bR THOICHEL L TWD T
W, ZITOI 7 afffi COERHAT v 7 TO~ 7 n OTHhEBRGZS.

VIR, i~ 7 v Bl & 2 OB T XA =2 ZRET D Z &R
TEUE, DR~ VTF A — T 2 RS % Z ENARETH Y, EREITR T
AHREIEFE AT 9 2 & T, EBEEROBIEH B EB 25 H S5 2 LR TE 5.

2.6 B CHk

2-1) Joseph B. K., Stanley K., Asymptotic Solutions of Initial Value Problems for
Nonlinear Partial Differential Equations, Journal on Applied Mathematics, Vol.18,
No.4 (1970), pp.748-758.

2-2) SFHE RS, SHIERE, JgmA-, HEALEE WIS O BIEVERRT
91, ERL, B A2 SCE AR, Vol.61, No.590 (1995), pp.2199-
2205.

2-3) SFHE R, SHIERE, JoMA-, HEAEE WIS SR O BIBVERRT
o5 2w, BUEAEYT, B ARSI 25 SCE A Bm, Vol.62, No.601 (1996), pp.2071-
2079.

2-4) SFHEE IR, i, YRR E IR O~ Vv TF R — VRN DT D —fi%
b7 a3V X, HRFEFHSEE, Vol.1999, No.633 (1999), pp.217-229.

2-5) Kalamkarov, A. L., Kolpakov, A. G. Analysis, design and optimization of composite
structures, John Wiley & Sons, 1997, ISBN 978-0-471-97189-4.

2-6) Duvaut, G., Nuc, M., A New Method of Analysis of Composite Structures, Ninth
European Rotorcraft Forum, 1983, Paper No. 88.

2-7) Allaire, G., Mathematical approaches and methods, Homogenization and Porous
Media, Springer-Verlag, 1996.

2-8) Sanchez, P. E., Non-Homogeneous Media and Vibration Theory, Lecture Notes in
Physics, Springer-Verlag, 1980.

52



I BT EAMEE O IERRTEA B 2B O TR

X C®HIZ

KETIE, BEMEIO~ MY v 7 28R E L TRERZR 3 FEEOE AT
& RV —ARxp— b L BUGEASTETTEEY 7 U VEE, 81558 SR E A i
TR RINE) OIEFTEA BB 24 R < RELT 2 M EHE R O RESE & #8
NI A=BERET HTDOH LWEEFECHOWTHAT 5. FrLWERETF
EThDIEATIEE FET, BIRRHMERR & EEORE L O AEE FTO
ki 0 R UART-FRaER 2 O KR « REYEME - BEE SRR O L Z 2
— 2 ZRETHREFETH L. ZORGMEIETFIETROIZIEFIEM BN Z
A —Z ORERE R 2 EBRAER OB EE L T2 2 812k, 2D
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3.2 BRI O FERRTEA BL 258 D KR

o TR OM B8 2 R EBL 5 — ka9 22 BRI & LT, —#%{k Maxwell
BT VA HOWTOEEMERRRIN 2T O, & PO ERM LT & R LR
P2 TN T B 72 DI A FEH TN S 3139 Kz, B b rERIE O 28 MG &
X3 W2y N — 7 HEEIC KD S FEHOBEEINHIR SN TW5H729, Fig.
3SR T L O, BME LMHERIIE O~ 7 v 2Bk BN TIE & A ERE IR R
JRETHY, IHERD RS EOTHITTIZRE D720, KAOTHITITE AL EE
LWz bbb, 20, —#t Maxwell &7 /U2 K B R5HMEARE R C
T B R 2 P45 2 &fﬁ>4T EChH-oTz.

— 5T, BNATEAVERTIR I35 %%ﬂL%K’FALth¥HHT% 5384
OEEIEGELERIE L Y b EBRTHD. 2 2T, ARTIBVERHE O Bl A bR
RERIZB T D HENGE % Fig. 3.2 129, Fig. 3.2 IR T EBRITHIE (RT) 752
PHAIEE T2 o BREE 1.0mm/min TRERD B 5 DM ENRE, ML IR

(RT) OFRFALKIREE T2 23 B0EEE 0. 1mm/min TRERHD & 15 5 7 EHRE,
FUBRIE 90°C D FRPAXIREE T 2> O3BRdi B 1.0mm/min CTEERD 515 B V7= RS
BTH%D. Fig. 32T X o1T, BGTEMBIED~ 7 i) Ze i B8 34 613k
ﬁ%@ﬁk%< JES 2B BRONTHKAODTHABEL TND Z & RATRF &
RO HFRDO ARLN I D Z L DBHERTED. TNHDOFRFEAEE LD &, B
Téﬁ@%®#ﬁ%ﬁﬂé@i&@50;ikb%hé.

FRATY OKAETY) DFRE

» OV BT A LT R E O ZE b

s O T BRI LICERREATY OkAER) DR
* IR OETICHE O VLRI DRI

BT AR OB BB ERIE

IO DI BT 2 RELT 2 72011%, EROMETHEAINTE
RESEPERE R ANTZ 0 T <, AT AR A7 R O R EVERS BRI MR B DA &
KRG ZBE L2 T0E, IEMERIEREM RS 2 T2 2 13T
ERNEEFEZILND.
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Fig. 3.1 Material behavior of thermo-setting resin.
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Fig. 3.2 Material behavior of thermoplastic resin.
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3.3 S 7 PEREEE - K5 - BIGE AR O ER L

BRI D IR BB & PR L 5 70012, MR B 8RS L 7Rk -
KBPEE S RE R ORGSR 2 A G o o S5 5 PR e - RESEPE - 4R15
BEMAMHIZE LTz, 22k, AR TERIE U 7RG < RGN - 385 R
31 RICOMEHERRAI L 5. £72, AWFFEOERTOLEF L~Vd/hant
D EGE L, VR « KR - REEESRANT “B)N” O B Blim O R
M THELL. LR T, 20T He (ZRAD LD ITHMED Zr e ERHED
FThre', KBMEOT e (TMESRTE LD LT 5.

e=&+¢& +&"® (3.1

3.3.1 R RO Bk

o TR EH i%%@&*&iﬁ&i@f#it*ﬁéﬁ@ﬁ*ﬂrf%5 Z I T, BMER LR
IR O EHEZ % Fig. 3.3 12”7, Fig. 3.3l d & 912, HERMEIT G 25
NI TTORE ST K> THRIEMIZER L, 5T RS ELORIRIZES
FetE T, I & O T HOBMRRIFRA TR END.

o=FE¢&° (3.2)

ZIT, EFHMRETHDS. —T, Fig. 330ITRT LT, MitERRM
RIS U TS BREDRFED Z & T, IS EOTH %EODEQ%K i/kit
TRIND.

(3.3)

ZIT, nlkiERECTH S, F£72, Fig.3.4(a), ONIART K DT, BEMEREME &KS

PERFEIZZENENARBER E X v a Ry NEFRTRIELIN, %h%h@ﬁnﬁ

DX X, HHEREE &Ry 2 BT 5. £7o, WlE &M O MR 4 FF

ORFEMERRE L, NREREF v aRy NERPEINCHAG DI N

Maxwell 7 /L CTEHIND. 2D Maxwell 7 /LD J52R9%E) & L ClX, Wb
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EEAMICERSEL L, ¥y vadRy NEENRAMAROTAEIZHIETE T
IZIE & A DT, Maxwell &7 VTR M BHEE R oD, —H T, i
Mz P WERSED &, Xy v aRy NERNER L, KPER 72 BSE 2
Bonb. 20X I, Maxwell EF/LZ WS Z & T, KRt f15210 %
AERITES. £70, XG2)OMmHHZ KMy L7z R a2 Rk Aor 7.

G=Eé (3.4)

Z 2T, Maxwell T /L DOEOT B & (TR AUTTR TP O Bl é¢ & OoRh1E
O HIEE & OMMEIC L VRE S,

=+ (3.5)

Zo7d, X(3.3)EXGBH%E ERicEnENES 5 & kKU T H s R
R ES.

— =t (3.6)

FEERORERMEAM BHIEE O FEH TR SN TR Y, ZREnD s F#EH O
PEds L OVKEYERFMEDRN B0 . 2 D72, I REEPER O BUEFHEIZIX n #
? Maxwell &7 /L ZWFNZ D702 EH T — it Maxwell 7 /L 0MEH 41T
W5, Z 2T, Fig. 3.52—f%fk Maxwell €7 /L& ~x7". Fig. 3.5 Z~"T L 9H1Z,
— %k Maxwell &7 /VIZIZA B T —EO MR E, & iR, # 5. %
7z, —#k Maxwell €7 /LD 0 HITMBMEEORE| 2 K723 720, FRFNRFRH]
Ty & 10¥%ec &EFT D Z & T, MBMHEEIHER T oI5 oy Z5HHE L2, £z,
BHFDOFEMEASRIAEAT D0 op IFRANLRES.

of = B (3.7)
— 55T, MIHIBEERRSL E,, 134 Maxwell B35 OBMERREL E, & MUBLIEIE O (RS

E, L ORRMTHY, KRR TEMBRTER SN,
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E =E,+) E (3.8)

E
Yo =25 (3.9)

ZIC, p, \FAERRELT, 45 Maxwell 232 OSVELRECE, & WIHIHMEGREL B O L
ERLTWD. T, SRR 7y (RERRE 7, & 45 Maxwell 2258 DGR EL
E, Z W TIRAD LS IZBERMNT b %.

7, =t (3.10)

F 7o, RER RN T a, (2 &Ko TEW ST ARFIRE 7, TR TER SN S.
7 =ar (3.11)

PLEX Y, % Maxwell EZ OB NSR E Xy ol y MHERT 20 05,0, ,

HIRHRE 7, & ORI E, ,, R T ar|” X - A& 7= B A
SR 7, % VTR RO HALS.

0, = VoEinity (3.12)
0y = TV obinits (3.13)

Fig. 3.5 12T K 912, 4 Maxwell RO /SR E Xy 2 2Ry MIESNIHER S
NTW5s., 20, RAUTRT X H1Z, % Maxwell ERICERAT 280, &
Ky yaly MIERT 2157 o I3 L,

0,=0,=0, (3.14)

L7=mo T, GI3)EXB12) DR - E B K 1 a, 12 L » T S =5 fn
RfE] 7, Z VTR TR ENS.
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a a ini“«a (315)
:faEa‘éo\c,
7, BRI VKEMEOTHEE e, 1TRO LS ITKRED
v 1
8{1 = ~ O-O!
T(ZE(Z
I .
=—g&,
Ta
1 v
=—(e,-¢}) (3.16)
Ty

F77, ERUCHIBFESERL 2, = (2, -2, /8 2T 5 &, HEEAT v 7 tick
FBRMEOT I ey TR SRDOBND.

Eqy = Eay =-§-(8a¢-8§¢) (3.17)

-1
g;t_[1+-££} [—15d14—q;b4J (3.18)

T, At TN, T ERRATF CITBEHERAT v, T ERZTE t—1
TBLHE AT v 7t b O EORIDFRE AT v 7 ORI 2K 7. £ 72, & Maxwell
BRIERT 2671 04,00 13KGB12) EXGBI)ZHWTKRATRD L Z LR T
x5,

-1
O-a,t: }/aEini {goez,t - [1 + g] (g‘g‘a,t + g;,t—l ]J (319)

Ta Ta

3.3.2 KM & REEEMAE A O ' AL

G BROE S TR e 4 < O BN, BERNRIE LT JER A B 68 2 o= d
ZIT, BAREBMERSIRE A xR L L, B b — B OT A E T o B g | SRR I &
STHELNIIGHOT HHBREK % Fig. 3.6 (2797, Fig. 3.6 IR X 512, FIHARIR
S AL Z O T IR <AKFT D 2 E PR TE D, 2O LI, B
AIIEMERIIR X EIRIZ W TS OF RN BEE 2R, 0 X5 ki
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PESEN 2 RILT D5 7o DIk % 7R BB PERE BRI MR R ST D 7637,
FARTVRPERIAG OREIEVERFIEIC RIS D W OAFFE L LT, Eyring 130 8D
SO E TR 2 DT B LRI BB 2B L 7Y, Z 0%, Byring BVERIL L
ToBlm A N — A & LRI RR PRI B 2 M E B < AT Tk Y, T T
(X, FEERRARREIC R T DM B 2 RBLY D 2 LS HRE L Ap o 72 3010,
AMFZE T E AAL T 2 KGR BRI FERRIE O BEVE S B) 2 FrXD 1T % Ree-
Eyring E7 /L2 80 M Lz 31D IRSUTHEEE MR AR 2 o=~

£ — ¢"sign(e) =0, & - \/%'“’ =0 (3.20)

T, ¢ ITBE LA, o i TAIMERBTH D 72, MO FERAITH 5 Ree-
Eyring €7 /L Z R RT .

p
AP — 73p sinh {%} =0, n?= exp[ﬂj, Y= AT (3.21)

o IR BB RRRBAER, o 1 IWIHDREEEMEAR IR, Al 1TTEM L= RV —, 4 136
LIRS, KIZARVY < EE, TITHAHEE CTH 5. F72, K¥EMERRRBAE o 1X
WX TEFRT D.

7o) <lol+ 3o 322)

ZIT, ERDO|o i/ VA TEHAELLLSETSH S, £z, WLERENS ¢ 121%
WA TR IND Voce (LRI ZEHHT 5.

q= —02 —~H®¢-R, {1 - exp(—ﬂf)} (3.23)

ZIT, LIRS TH Y, m IBIEE LR, r IFFEEEELIRE, 8
(LIERIEA LR AR T D 5
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3.3.3 HEEFHH: L BIEERA O ERL

— A7 LM BN BT 2 NHHREIS, AREEIRE, WREWE, B
EOBRBRERICIVFHR I, KL Eblcknd. Lo T, BaHRICE
WTHEEEZET 2 Z &3O TEERFFEO 1 > TH Y, FEM fET
?%W?éﬁwﬁ%<&éhfwé.EM%%%%PKW%%W@iﬁik%
2DFTFAHTENTED. 1 20F, HEMEHIO X 512, MEHMERANCI W
THEZ KRBT 2 HETH L 12380 4 5 1 DlF, Rk Z 0% % FEM O
WBIBUEA L, ERIKAFAETIUEE O RERE 28057 5 515 TH 5. FEM
FEMT CUX, BEEDORBLOME S 7> bHRERAH]IZ W2 E2 1 < 22 BT
TWa.

ENRTHBPERI IR OBEEENICB VT, BRICE VAT D7 LA XM EHNE
DN ARA RO, 2 #HOUBEICERT 5 L S Tns 9. 22 TH
HREEIZHOWTIE, HEOREZERTHELI D % H\\ THE® OHIELRE
ED)yNRAD LRI EIND D LT 25 3D,

E(D)=(1-D)E, (3.24)

22T, AR D IRAITRT & O B~ & RAITHREAR D RRT D
bOEETD.

D(E)=d\(g,, )" 0<D<l (3.25)

22U, di & R THEEBEL, g, IR E RIS b?‘:%ﬁ(@“fﬁﬁ(}ff%ﬂf‘
%, 7ok, AL TR L?’J@@—%Eﬁﬁi NI EITREER L e 20T B DRI
TERSNDTD, KFPEEEEORBMERE) & O AEEITBE L T,

3.3.4 FFMEREME - KR - BEE AR OB

ARIETIX, AEE TICR LI B MEHERAN A F L2 6 o, S5 7 MERL M - ko
M EE AR EZREET 5. XU, OFREMEDHRL 15 10% 5/
LC, KM RN 5 &, R(3.20)0k8 MR & K(3.22) D FEIREE %
FHREEED #HWTUTOL I ITERIND.
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& -~ 17 Gen(o) = 0 g‘-\ﬁw _o (3.26)
1-D ’ 3
2

f®(o,D,q) = ||0|| + \/;q (3.27)

Iz, KGR THEEGEER DI X 5RO & G DITRTOT HO
B2 EES D LR ol FRATHE SN D.

0= 3 1 E(D)(s = o" =57 (3.28)

a=0

B, B LIRS - RRNE - B ERERRAIZ Fig. 3.7 (2789 Fig.3.7
(R K DT kAl Maxwell &7 /WTREEPE SR 2 AT Hfe L, RGSHME &OkG
mvE, BEEZERH LEGHERAITH 5.
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(a) Elastic behavior (b) Viscous behavior

Fig. 3.3 Relationship between stress and strain of elasticity and viscosity.
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(a) Elastic behavior (b) Viscous behavior

Fig. 3.4 Elastic spring and viscous dashpot.
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Fig. 3.5 Viscoelastic constitutive model.
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Fig. 3.7 Viscoelastic-viscoplastic-damage combined constitutive model.
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3.4 BAFEBEMEIE DIRETFEFIE

3.4.1 BT R ORSEMERAE OBIE T E
— IR Sy AR ORI RFEORIE T iR & LT, RO 3 SORIETIE
NETEND.

O —EOTHEELEAT, RAHEMET D (S kEFER)
@ —EEhE52T, OTHRENESTS (7 ) —758R)
@ ERMROTHZEZT, I§HEDMNAELZREST S (DMA)

EROWEITET, ©L OITFFZ2REMERE T, R ORBEIC X > TH A 50
1 OTHN—ERBEFETH Y, ISTIFEFERD B 15 5 AV 7o i J18E T Hh#R
RQD 7 ) =T BN LA LNTZ 7 V=T Wik LT, RE{ETFECED D
— T T 4T 4T EFEMT H L THEMEREEZ RO DL T ENTES.

—J7T, @® DMA 1%, AR5 IRERE F CIEEIICIRE S 20§ A% 5 X,
ZHUTISCTA L LIS N ENAEZRET 2 Z LI2X D, BEEOSEBR A K
WHZENTEDL., Fo, KHE-IBEEREDLEOFHE (Time-Temperature
Superposition Principle; TTSP) % 5 Z & T, TNENDILEMBENERD,
—AROMH (FAZ—=H—7) BTELHILBHLENER->TVD. ZOFEKL
o~ AL — T —TIIRHEIZ DT D R OB 2 R 2 & D, K
PR ME 2 fHAE IR C & 3BT & L TAKTEN STV S.

3.4.2 BATEHRIIE DR GEIFEFIE

BRTEAMERTE O IERIEM B E B 2 BT 2720 DFiE L LT, DMA & Hiiifig
i LA -BRn R & O O ORERIZ T CTRIE T 2IRAFEE FiE 2R T
5. ZOEME LT, BIEORBYERRE A S SRR 7 U — 73 B CEHAI L
7oA, FHAIT IR K YE S LT 10~100 HFRIFEE ORBREFM AL L 720 £k
IRGFNIDD . FDO—J5T, Bl HEHER-C Bl v R LA f-FRiraliR o
BREFIRIT 1~2 BFRAIFREE TdH 0, DMA bl 2 L7 S 7208 & R 2 E) 4 51
T D72 24 IpfAIFRAE TR AV R S C ORGP RV A R [ TR 5 Z
EMTED. 2D X DT, DMA [FHELRF O I E 7 R & R -1 RS R 2 & FERK
L7levw AZ——7I28 0, 107sec (K 115 H) LL O RRERHIGEHIB ORZFn2sH8) 2
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KBTHZENTED., Z2C, ZOREFEDOZ7 v —F ¥ — % Fig. 3.8 |I/R~
F. Fig. 3.8 [T T K 918, 1T U®IZ, —fi%{k Maxwell &7 /L 24T 5 Maxwell
FLR ORI & AEFNRE# 2 DMA OFER KL 0 15 b v 7 B AR £, #8200 M
B L OKIEREO~ 2 X — 1 —T7 I BRET 5. I, REETERERR] & 815
MR OB VEAE, Ref]-IRBEHRLIR 7 DAL R T A — & 2 Hlilif v K LA
r-BRATERER DIG /) -OF AR D FRIFFICFET 5. 22T, DMA BRI Hh
M0 R U AS-BRATERER & [F) U S CERL L =R 2 V¢, dhife—F
12X % DMA RBREIT o7, F7o, AP TITME S 7 2B EE I~ A ¥ —
=T E=MERL, Bz~ AL —h—7Ofhfjicx LT, Hiihik v ik LALR-
BRAGERER D O [FIE L 7o IR 2 R U5 2 & C, ISR E 215 7.
DMA DfE S0 6 BT BMEREBEE O v — RO #R (LA, v A& —H—
7 ERT DB, RG2)TRT T L= AKEEMA L X, ILAL DTk
Z AV TRIRE O dh# 2 sl 7 AT E) (27 F) S/ Zosx, T7
AHEFE 1 Ty DT O AR IERI N B D 7D, REF-REHEK B2 —BICRE
THZENTELHN, RO WHRIIEHTH L7120, ~AX——T DEAE
bHIZ—BICRET D2 ENTERNW S, 2 2 TR TIE, Bk ik LA
T -BRATERER O EUEE DN DM BN T A — 2 ZRIET BRI, 7 AB A T &
O AR O B R A B IR] TR A [/ R T A — & & LT AR, (3.30)27
TR A O TR R-SRERER F R 2B ETL2 2L 28X 5.

In(ay ) = %{% _TL] (3.29)
m@ﬁ:h%+@ (3.30)

ZIT, b BE ke (T H#EE Y IR UAG-BRATRBR O BNSE N DM B ST A —
& Z[FET DBIAE 3 2 K- IREMBE A ORENRT A =2 Th 5.
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( Start )
v
| DMA |
v
Identify the shift factor a@r using the DMA results and
create a master curve for storage modulus, loss
modulus, and loss tangent

v

Identify relative elastic modulus 7. , relaxation time
7, , and elastic modulus of equilibrium elementE, ()
using the obtained master curve

v

| Uniaxial cyclic loading-unloading test l
v

Identify the initial elastic modulus E;,;, parameters of the
viscoplastic and damage constitutive law, and the shift factor
on the arlow temperature side using measured stress-strain
relationships

v

e )

Fig. 3.8 Flowchart for hybrid parameter identification method.
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3.5 BN D DMA & ORE MR O B

3.5.1 DMA HIE CEUS 3 2 ket

BNRTYRVERTAE DR HERAE (FRMARELE, & BTN 7, ) ZEUST 57291,
RFf] L IREEZ 2 b S 72 DMA SRR Z 5 L, —fi%k Maxwell 7 /L7 b ki
PERFMEZRIE LT, 2 2°C, MRS RG22 R TE R OT AR 5 2 61
Jo k&, REMERIZA U AIEERG30)RTHENEE R S b 5.

£(t) = g, (3.31)
o(t) = o, (3.32)

2T, VBN, ol ZAREKE, o, & & X3 NTIUST E DT HOERT
bn. ZIZT, BRI E BN O B0 TR AU S T BRI E
ELTEHRIND.

i(wt+5)

— :ﬁ(cos§+isin§):E'+E” (3.33)
()  ge” &

. o(t) o

Z DB FHVARE E O FEE I IITRMAR I E , I TR IR B & MR,
ZINE VPR E & RERRE 2 R TR ST X —2 ThH 5. BRI 5
ZONTEOTRIZE - TEX DN =R VF—, BRHMEREIIBRT 5 =%

X =L SNDS. F2, WRIOORTHREEMERE E & BT E

DT KIERE tand & PRI, KEFHPER ORI D MO R 2R L T

%.

"

tans =2 (3.34)
E

!
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3.5.2 DMA DOHEERE

PRI IR B R B FTEMERIE CH DR Y h—Rx— K, 77 VLR, 2
A[YAPE T R IR O 3 FEEEA®E L72. Table 3.1 (S4BT YEMERE O R B 4
HaRd. RY H—AREx—FE, 1.0mm ORY H—RR— K7 (b (R F 4
; PC-1151, 77 AR t) % 16 Hofsfg L, iR 290 °CTHNEN - @t L 721%,
HIEREREE W CERZRIE LT-. — 5T, 77 VIVBIRICIZBGEAR T 7
UVEHE (Elium190, 7 /v ~#RAEth) , =R X URIRICITBIGEA R E AT
PR MR (XNR6850, Tt b7 v 7 A SH) AL,

3.5.3 DMA ORBRF1E

ENATYEMERSIE O DMA 13 JISK 7244-5 (ZHEHL U 7= s T HREhE GEILIRIE) 12T
1To72320, ZZC, A -HE LR OME % Fig. 3.9 & Fig. 3.10 1T~ 7.
ZOMIIRT LD, 3 BEOBABMRIEIL T TR /=50 mm, IFHb=10
mm, EX A=2.0mm OEMRICEIY H LT, &R & Lz, BRI IR
HEHE (DMS6100, TRAEtEHSIANA T 7 YA = R) 2V, lFFH T
L BIEZHOTH%EE 272, 2D DMA ORERSA:% Table 3.2 |Z753. Table 3.2
W3 L 90T, JIEEPE%RIE 0.01 Hz, 0.02 Hz,0.05 Hz, 0.1 Hz, 0.2 Hz, 0.5 Hz, 1.0
Hz, 2.0 Hz, 5.0 Hz, 10.0Hz ®OFF 10 AK¥EL Uiz, F7z, REESMFT 30 C b
mvomn@ﬁﬁfﬁﬁéﬁ KENFTBYERINE DT 7 AR Ty A HFE T
FHAIL7=. 2 2C, #BEMMREE 13k E W CEME L7z 320,

3
S 3

X[1+2(1+v)— (3.35)

ZZTC, AF TR ICAE U S ER0MT E O RIER EM, S, X5 2
BN OPRIEREE, LI L7 T TOBEEZ 70 TETORS, vIZRT Vv
YHThH D, £, ERICBT 2 IEINOEIZITERICE 2 5 AW O IE
XNThHD. ZOMIEILDMA OFARNRHEFFHRNITFIZ L 2HETH Y, R 1A
CHOTAEEELE EEAMKRIERER SN OT AR ERLTEDTHS.
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3.5.4 DMA ORBFER L~ A ¥ — I —T DIERKR

3 FIHOEF MR 2 VT DMA Z5EE L, THZ1D DMA o156
7ofE R % Fig. 3.11~Fig. 3.13 IZ/~" 7. X512, Fig. 3.11~Fig. 3.13 DFKIREICE
I % R A RS A A TR E S, RO~ A X —H—T EER LT, < A
B — T —T OERTIE, WARLPEE L MBI~ AXY—I—T OHE)
VERFiEE AW TIT > 72 Bk LT~ A ¥ — 1 —7 % Fig. 3.14~Fig. 3.16 {2/~ 7".
Fig. 3.14~Fig. 3.16 72503035 £ 912, BPeiMErask & R RmMAR L, B IERE
IZ LT, 1 RO AZ = —TBERTE Tz, 2D L&D, FIREDOFITERE
B Th HWFH-RERRR & & REDOEIR% Fig. 3.17~Fig. 3.19 |27 Fig
3.17~Fig. 3.19 (T3 & 912, BAATYAMEA AR O FEf-1R S AR IR 15 & 1R O BY
£Rl%, 7 RAEBR T 512 LT, SiRE & (RIREK 2 13F 2 B TR T
XL EDMERTE . 2O LD RIFR-RERBER & SREORERIZIET L
= ARBNEATE S0, RFFRETIET L= AR EZHRHA L 17,

70



Unit:mm
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41

i fixed surface
7 2 B
7 /lé 7l

50mm

Fig. 3.9 Specimen configuration and immobilization condition of DMA.

Fig. 3.10 Equipment of viscoelasticity measurement.
(DMS6100, Hitachi High-Tech Corporation)
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Table 3.1 Molding conditions.

Polycarbonate resin Acrylic resin Thermoplastic epoxy resin
Curing temperature [*C] 290 35/85 150
Time [hr] 0.2 3.0/1.0 4
Table 3.2 Test condition of DMA.
Conditions Resin Value
Frequency [Hz] All Resins 0.01, 0.02, 0.05, 0.10, 0.20, 0.50, 1.00, 2.00, 5.00, 10.0

Temperature [°C]

Polycarbonate resin

Acrylic resin

Thermoplastic epoxy resin

30.0, 35.0, 40.0, 45.0, 50.0, 55.0, 60.0, 65.0, 70.0, 75.0, 80.0,
85.0, 90.0, 95.0, 100.0, 105.0, 110.0, 115.0, 120.0, 125.0,
130.0, 135.0, 140.0, 145.0, 150.0, 155.0, 160.0

30.0, 35.0, 40.0, 45.0, 50.0, 55.0, 60.0, 65.0, 70.0,
75.0, 80.0, 85.0, 90.0, 95.0, 100.0, 105.0, 110.0, 115.0, 120.0

30.0, 35.0, 40.0, 45.0, 50.0, 55.0, 60.0, 65.0, 70.0, 75.0,
80.0, 85.0, 90.0, 95.0, 100.0, 105.0, 110.0, 115.0, 120.0
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Fig. 3.11 DMA curves for polycarbonate resin.
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Fig. 3.12 DMA curves for acrylic resin.
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Fig. 3.13 DMA curves for thermoplastic epoxy resin.
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Fig. 3.14 Master curves for polycarbonate resin.
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Fig. 3.15 Master curves for acrylic resin.
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Fig. 3.16 Master curves for thermoplastic epoxy.
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Fig. 3.17 Time-temperature superposition principle for polycarbonate resin.
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Fig. 3.18 Time-temperature superposition principle for acrylic resin.
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Fig. 3.19 Time-temperature superposition principle for thermoplastic epoxy resin.
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Fig. 3.20 Master curves for polycarbonate resin using identified Arrhenius shift factor

along with curve fitted results.
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Fig. 3.21 Master curves for acrylic resin using identified Arrhenius shift factor along with

curve fitted results.
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Table 3.3 Elastic modulus, relative elastic modulus and relaxation time of each Maxwell

element obtained by curve fitting analysis for storage modulus, loss modulus

and loss tangent of polycarbonate resin.

a E, [Pa] Yo I 7o Is] a E, [Pal Yo I 7, [s]

1 5.646x107 1.893x10! 7.567x10° 9 1.704x108 5.050x102 2.470x10*
2 5.579x107 7.596x10 1.800x1073 10 1.363x107 3.699x10°% 1.308x10°
3 5.542x107 9.517x10% 2.306x10? 11 4.416x10° 1.211x10% 1.713x107
4 8.337x107 1.215%x102 2.057x10 12 6.193x108 1.869%x10® 4.881x10°
5 1.489%x108 1.871x102 2.801x10° 13 2.297%x10° 4.299%x10* 5.006x108
6 4.600x10° 1.352x10! 4.337x10! 14 1.747%x10° 3.746x107 5.326x10°
7 1.124x10° 3.315x10* 5.737x10? 15 1.387x10° 3.578x107 5.578x108
8 8.413x108 2.383%x101 4.545x10° E, 1.031x10° 2.776x107 1.000x10%°

Table 3.4 Elastic modulus, relative elastic modulus and relaxation time of each Maxwell

element obtained by curve fitting analysis for storage modulus, loss modulus

and loss tangent of acrylic resin.

a E, [Pa] Ya [ 7, Is] a E, [Pal Yo I 7, [s]

1 6.600%x10°% 1.505x101 4.765%x10* 9 3.960x108 9.030%x10? 1.284%10°
2 3.652x10° 8.328%x10? 6.331x10°% 10 9.758%107 2.225%107? 1.190x10°¢
3 2.474x10° 5.642%x102 6.603%x1072 11 1.718x107 3.918%x10? 3.830%107
4 2.294x108 5.232x10%? 6.397x10" 12 4.461x108 1.017x10? 2.130x10°
5 3.942x108 8.988x102 7.772x10° 13 1.857x10° 4.234x10° 2.156x10°
6 6.660%x10°% 1.519x10 7.351x10* 14 1.029%x10° 2.346%x10* 2.171x10°
7 6.698x10° 1.527x101 1.405x10? 15 1.013x10° 2.310x107 2.469%x10°
8 6.371x108 1.453x10! 1.348x10* E, 1.000x10° 2.281x107 1.000x10%°
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Table 3.5 Elastic modulus, relative elastic modulus and relaxation time of each Maxwell
element obtained by curve fitting analysis for storage modulus, loss modulus

and loss tangent of thermoplastic epoxy resin.

o E, [Pal Yo [-] T [8] o’ E, [Pa] Ya [ Ty ls]

1 1.413x108 4.194x10% 2.873x10 9 5.049x108 1.499%x10! 1.311x10*
2 7.151x107 2.123%10% 1.845x10* 10 4.190x107 1.244x10? 1.735x10°
3 6.011x107 1.785%10 2.458%107 11 6.603x10° 1.961x1073 1.735%10"
4 7.433%107 2.207x10% 2.561%10? 12 2.742x10° 8.141x10* 7.208%x108
5 1.410x108 4.186x102 2.840x10? 13 1.883x10° 5.591x10* 6.348x10°
6 3.816x108 1.133x101 6.947x10° 14 1.821x10° 5.406x10*  7.950x10'°
7 9.061x10% 2.690x10? 1.583x10? 15 2.549x10° 7.568x10*  2.753x10'?
8 1.030x10° 3.057x101 1.800x10? E, 1.006x10? 2.986x107  1.000x10%*
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Fig. 3.23 Stress-strain curves of uniaxial cyclic loading-unloading tests for polycarbonate

resin at 20°C.
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Fig. 3.24 Stress-strain curves of uniaxial cyclic loading-unloading tests for polycarbonate

resin at 40°C.
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Fig. 3.25 Stress-strain curves of uniaxial cyclic loading-unloading tests for polycarbonate

resin at 60°C.
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Fig. 3.26 Stress-strain curves of uniaxial cyclic loading-unloading tests for acrylic resin
at 20°C.
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Fig. 3.27 Stress-strain curves of uniaxial cyclic loading-unloading tests for acrylic resin
at 40°C.
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Fig. 3.28 Stress-strain curves of uniaxial cyclic loading-unloading tests for acrylic resin
at 60°C.
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Fig. 3.32 Shift factors identified by uniaxial cyclic loading-unloading test and by DMA

for the polycarbonate resin.

IS
T

W
T

In(ay) [-]

2t 4 - Identified by DMA

—e— [dentified by cuclic loading-
[} unloading test

0 1 1 1 1 1
0.0029 0.003 0.0031 0.0032 0.0033 0.0034 0.0035
/T [1/K]

Fig. 3.33 Shift factors identified by uniaxial cyclic loading-unloading test and by DMA
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Fig. 3.35 Stress-strain curves of uniaxial cyclic loading-unloading tests for polycarbonate

resin at 20°C.
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Fig. 3.36 Stress-strain curves of uniaxial cyclic loading-unloading tests for polycarbonate
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Fig. 3.37 Stress-strain curves of uniaxial cyclic loading-unloading tests for polycarbonate

resin at 60°C.
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Fig. 3.38 Stress-strain curves of uniaxial cyclic loading-unloading tests for acrylic resin
at 20°C.
60 60 60
50 50 50
5 =40 40
s = =
g §30 g0
20 20
10 10
0 : : : 0 : : :
0 0.01 0.02 0.03 0 0.01 0.02 0.03 0 0.01 0.02 0.03
Strain [-] Strain [-] Strain [-]
(a) 1.0 mm/min (b) 0.5 mm/min (c) 0.1 mm/min
Fig. 3.39 Stress-strain curves of uniaxial cyclic loading-unloading tests for acrylic resin
at 40°C.
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Fig. 3.40 Stress-strain curves of uniaxial cyclic loading-unloading tests for acrylic resin
at 60°C.
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Fig. 3.41 Stress-strain curves of uniaxial cyclic loading-unloading tests for thermoplastic

epoxy resin at 20°C.
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Fig. 3.42 Stress-strain curves of uniaxial cyclic loading-unloading tests for thermoplastic

epoxy resin at 40°C.
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Table 3.6 Values of the evaluation function: case in which the time-temperature shift
factor is modified by the uniaxial cyclic loading-unloading test and the case

in which the time-temperature shift factor is identified only by DMA.

. Identified by cyclic loading- Identified by
Resin . Improvement [%]
unloading test DMA
Polycarbonate 39.27 45.90 14.44
resin
Acrylic resin 12.95 16.74 22.64
Thermoplastic 12.92 13.58 4.860

epoxy resin
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Table 3.7 Identified material properties of polycarbonate resin.

Property Polycarbonate resin
d -] 7.527
d, -] 0.944
H;g, [MPa] 306.9
R, [MPa] 28.67
p [ 3986
o) [MPa] 18.77
AH [9] 3.079x10™"°
Vs [ 1.284x107"®
Yo© [-/s] 1.047x10%
ky [K] 14.02
ky ] 6.373
E;i (D) [MPa] 2872

Table 3.8 Identified material properties of acrylic resin.

Property Acrylic resin

d -] 179.8
d, [-] 1.743
Hi,  [MPa] 2803
R, [MPa] 32.25

g [] 24

o) [MPa] 2042
AH (9] 3.609x10™"°
Vi [mm’] 9.972x10™>°
Yo' [-/s] 9.968x10%
ki [K] 1.300x10*
ky -] -38.02
Ei (D) [MPa] 3698
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Table 3.9 Identified material properties of thermoplastic epoxy resin.

Property Thermoplastic epoxy resin

d, [ 2235
d, [-] 2.001
Hig, [MPa] 1496
R, [MPa] 23.95

g [] 965.5
o) [MPa] 9.853
AH (] 7.394x10™°
Va [mm’] 9.819x10™"
Yo' [s) 9.811x10"
ky K] 1.982x10"
ky [ -56.74
Eii (D) [MPa] 2626
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Fig. 4.1 Anisotropic viscoelastic-viscoplastic-damege combined model.

Fig. 4.2 Orthotropic material.
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Fig. 4.3 FE model of hexagonal array.

Fig. 4.4 Magnified figure of FRP cross section.
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Fig. 4.5 Fiber arrangement in the unit cell model.
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Fig. 4.6 Effect of different number of fibers in the unit cell model on macroscopic material
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Fig. 4.7 Deviations in material behavior when varying the number of fibers in the unit

cell model.

Fig. 4.8 FE model of unit cells with randomly arranged carbon filaments of UD-CFRTP.
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Fig. 4.9 Test and fitting curves of thermoplastic epoxy resin.
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Fig. 4.10 Strain-strain curve obtained by NMTs for x direction.
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Fig. 4.11 Strain-strain curve obtained by NMTs for y (z) direction.
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Fig. 4.12 Strain-strain curve obtained by NMTs for xy (xz) direction.
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Fig. 4.13 Strain-strain curve obtained by NMTs for yz direction.
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Fig. 4.14 Fiber orientation angle of unidirectinal FRTP.
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Fig. 4.15 Axial stress-strain curve under off-axis behavior obtained by NMTs.

Table 4.1 Material properties of carbon fiber.

Type Component Value
X 230.0
Young’'s Modulus
17.3
[GPa] Y
z 17.3
) ' Xy 0.29
P0|sso[n]s Rate vz 0.40
Xz 0.29
Xy 54.9
Shear Modulus . 6.2
[GPa] Y :
Xz 54.9
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Table 4.2 Viscoelastic parameters for thermoplastic epoxy resin.

o E, [Pa] 7:(1 [sec] o E, [Pa] %a [sec]
0 5.618x10° 1x10%° 11 4.361x107  2.935x108
1 5.969x107  6.002x102 12 5.108x10°  6.094x10°
2 4.282x10°  7.855x107*! 13 1.697x10°  4.047x10%°
3 4.488x107  6.911x10° 14 2.536x10°  5.439x10!
4 5.962x10°  6.176x10! 15 1.729x10°  6.647x10
5 1.079x10®  6.181x10? 16 3.894x10°  1.597x10%?
6 1.757x10®  8.667x10° 17 2.355x10*  4.884x10%
7 4.012x10®  8.332x10* 18 2.214x10°  1.869x10%
8 6.286x10%  7.158x10° 19 2.680x10°  1.857x10%
9 7.467x10%  5.382x10° 20 1.417x10°  4.765x10Y
10 3.480x10%  3.159x10’

Table 4.3 Identified parameters for thermoplastic epoxy resin.

Material Property symbol Value
Initial elastic modulus [MPa] E 2671.30
Plastic parameters g0 32.96
e 1789.10
Ry 53.91
ﬁ 829.12
Viscoplastic parameters AH 2.2755%10'°
A 3.5033x10°"°
Yo 2.7227x10'"®
Damage parameters d 16.18
d> 1.13
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Table 4.4 Macro-scale strain patterns for vertical and shear directions.

Vertical directions Pattern 1 Pattern 2 Pattern 3
E * *
* E *
% % E
Macro-scale strain
% % %
% % %
% % *
Shear directions Pattern 4 Pattern 5 Pattern 6
% % %k
% k %k
. * * *
Macro-scale strain _
E % *
s E *
* % E

Table 4.5 Macro-scale strain patterns for off-axis direction.

Off-axis direction Pattern 7

Y cos” 6
Ysin” @
0
Macro-scale stress S $
2cosfsinf
0

0
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——Numerical relaxation testing
O Result with identified material parameter
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Fig. 4.16 Relaxation curve under x direction by numerical relaxation testing.
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——Numerical relaxation testing
O Result with identified material parameter

N

o

o
T

Relaxation modulus C,,,, [GPa]
S
o

o
o
T

0.0 ! . ! "

1.0E-03 1.0E+00 1.0E+03 1.0E+06 1.0E+09 1.0E+12
Time [sec]
(a) C22
20.0

——Numerical relaxation testing
O Result with identified material parameter
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Fig. 4.17 Relaxation curve under y direction by numerical relaxation testing.
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——Numerical relaxation testing
O Result with identified material parameter

o N
o o
T T

o
=}

@
=}

Relaxation modulus C,,, [GPa]
N
<)

g
o

1.0

00 v i v bw L ER-EREAR S

1.0E-03 1.0E+00 1.0E+03 1.0E+06 1.0E+09 1.0E+12
Time [sec]

Fig. 4.18 Relaxation curve under xy direction by numerical relaxation testing.
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Fig. 4.19 Relaxation curve under yz direction by numerical relaxation testing.
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A NMT
-==-]dentification in six directions
- = Identification in seven directions
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Fig. 4.20 Strain-strain curves under x direction identified with DE and obtained by NMTs.
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Fig. 4.21 Strain-strain curves under y (z) direction identified with DE and obtained by
NMTs.
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- = Identification in seven directions
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Fig. 4.22 Strain-strain curves under xy (xz) direction identified with DE and obtained by
NMTs.
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Fig. 4.23 Strain-strain curves under yz direction identified with DE and obtained by NMTs.
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A NMT
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= = Identification in seven directions
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Fig. 4.24 Axial strain-strain curves under 20 degrees behavior identified with DE and

obtained by NMTs.
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Fig. 4.25 Axial strain-strain curves under 30 degrees behavior identified with DE and

obtained by NMTs.
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A NMT
-==-Jdentification in six directions
- = Identification in seven directions
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Fig. 4.26 Axial strain-strain curves under 45 degrees behavior identified with DE and

obtained by NMTs.
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Fig. 4.27 Axial strain-strain curves under 60 degrees behavior identified with DE and
obtained by NMTs.
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B Identification using the 6-Dir.-NMT results
@ Identification using the 7-Dir.-NMT results
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Fig. 4.28 Error of mean square for identification using the 6-Dir.-NMT results and the 7-
Dir.-NMT results.
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Table 4.6 Macroscopic elastic constants by NMT.

ijkl C" i [Pa] C’ i [Pa]

1111 1.657x10  1.654x10
1122 6.975x10°  7.190x10°
1133  6.975x10°  7.190x10°
1212 4.940x10°  8.413x10°
1313 4.940x10°  8.413x10°
2222 1.371x10°  1.083x10°
2233 7.521x10°  9.515x10°
2323 3.091x10°  5.373x10°
3333  1.371x10°  1.083x10°

Table 4.7 Identified parameters of Maxwell model.

a W [-] a W [-]

1 1.662x10Y 11 1.128x107%
2 8.718x1073 12 1.738x10™
3 2.286x1073 13 2.643x107%
4 -3.651x103 14 1.427x10°
5 1.632x107 15 —1.289x10°
6 1.306x107 16  2.169x10™
7  1.459x107 17 3.983x107
8 1.010x107 18 1.289%x107
9 3.649x107 19 —6.116x107
10 —7.294x10% 20 5.082x107
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Table 4.8 Identified parameters using the 6-Dir.-NMT results.

Deformation modes

Material Property Component
6 directions
Plastic parameters O’ 27205
UyyY,UZZY 60.0
nyy,axzy 23.6
O.yzy 25.1
H™ 216.5
Ro 24.3
S 2957.7
Viscoplastic parameters AH 1.364x107°
A 2.21x10™%!
Yo' 1.01x10"8
Damage parameters d; 0.010
d> 0.361
S 22.9
S>, 83 73.6
S4, S5 73.3
Ss 109.2
S7,S9 177.0
S's 23.8

140



Table 4.9 Identified parameters using the 7-Dir.-NMT results.

Deformation modes

Material Property Component
7 directions
Plastic parameters O’ 28363
nyyaazzy 60.0
Oy y’ Oz 23.7
UyZY 25.9
H™ 2916.4
Ry 74.7
S 569.2
Viscoplastic parameters AH 8.45x10™"°
A 2.54x10%!
Yo 2.47x10"7
Damage parameters d 0.017
d> 0.658
S 78.5
S, 83 358.8
S+ Ss 293.9
Ss 429.0
S7. 80 755.4
Ss 130.4
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P22 Z L2 RELTVWE Y. 2047 ) =27 X TI3EFHEOOT R
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Fig. 4.29 Geometry of off-axis specimen with oblique-shaped tab.
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Fig. 4.30 Cross elasticity effect for off-axis specimen.
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Fig. 4.31 Axial stress-strain curves under 25 degrees behavior identified with DE and test
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Fig. 4.33 Axial stress-strain curves under 90 degrees behavior identified with DE and test
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Fig. 4.34 Strain-strain curve obtained by NMTs at 2.0x107 s,
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Fig. 4.36 Strain-strain curves identified with DE and obtained by NMTs at 40°C.
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Fig. 4.37 Strain-strain curves identified with DE and obtained by NMTs at 50°C.
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Fig. 4.38 Strain-strain curves identified with DE and obtained by NMTs at 60°C.
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Table 4.10 Identified parameters using the 4-Dir.-NMT results at 40°C.

Material Property Component Value
Plastic parameters O’ 23400
ayyy,azzy 79.7
nyy,sz 23.1
O.yZY 252
H™ 9955
Ry 1078.1
S 1.0
Viscoplastic parameters AH 2.65x107°
A 2.19x10%!
AP 8.74x10""
Damage parameters d; 0.060
d> 0.210
S ; 2.3
S>, 83 14.0
S4, S5 12.3
Ss 37.2
S7, S 16.1
Ss 2.7
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Table 4.11 Identified parameters using the 4-Dir.-NMT results at 50°C.

Material Property Component Value
Plastic parameters O’ 23888
UWY,UZZY 68.7
O-xyy,o-xzy 20.5
ayzy 23.5
)2 7243.7
Ry 0.00001
p 1922.2
Viscoplastic parameters AH 2.43x107°
A 2.99x10”
Yo' 9.85x10'®
Damage parameters d 0.074
d> 0.253
S ; 2.7
S, 83 14.3
S4, 85 28.9
Ss 74.7
S7, S 16.6
Ss 2.9
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Table 4.12 Identified parameters using the 4-Dir.-NMT results at 60°C.

Material Property Component Value
Plastic parameters O’ 25753
O.yyY’O.ZZY 514
O.ny,O.XZY 16.1
ayzy 20.3
e 10296.8
Ry 0.00001
S 9427 .1
Viscoplastic parameters AH 2.57x107"°
A 2.70x10%!
Yo' 1.26x10"®
Damage parameters d; 0.299
d> 0.553
S ; 2.7
S>, 83 14.8
S4, S5 26.2
Ss 38.7
S7, 89 19.4
Ss 3.1
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